The far-field emission profile of terahertz quantum cascade lasers (QCLs) in metalmetal waveguides is controlled in directionality and form through planar horn-type shape structures, whilst conserving a broad spectral response.
OCIS codes: (140.5965) Semiconductor lasers, quantum cascade; (140.3300) Laser beam shaping Terahertz (THz) frequency quantum cascade lasers (QCLs) are semiconductor sources based on intersubband transitions and permit laser emission over a wide portion of the THz spectrum. THz QCLs have undergone considerable improvements especially in terms of the achievable output power and operating temperature. However, typically these two parameters cannot be optimized simultaneously in a given QCL device. The highest temperature operation of 200 K [1] has been demonstrated through use of metal-metal (MM) waveguides, where a high modal gain is achieved through the high modal confinement. However, a consequence of this is a highly diffracted beam and a large facet reflectivity leading to weak directionality and low output powers [2] , respectively.
Several monolithic methods have been proposed and realized to address this problem based on, for example, photonic structures for surface emission [3] . Although these techniques can extract the QCL power and engineer the far-field emission profile efficiently, they are inherently mono-frequency and not suitable for broadband emission that would be of interest to modelocking [4] or frequency comb [5] generation. Most broadband methods, however, have relied on manual positioning of external elements such as silicon lenses placed on the facet [6] . Owing to the manual nature, the techniques have proved to be difficult or non-reproducible when thermally cycled. A promising technique has been recently demonstrated in which planar horn-like structures (PHSs) are etched into the QCL surface metal layer, so that the confined mode is better matched to a radiative mode [7] . This simple approach has led to a considerable improvement in directionality and output power without significantly affecting the QCL temperature performance, and has proven to be stable. However, no control of the far-field profile was demonstrated with only one-dimensional profiles of the far-field measured. Further the emitted spectrum from the PHS was not shown to be broadband owing to the use of low spectral bandwidth active regions. In this work, we demonstrate how the far-field emission profile can be controlled by engineering the QCL's transverse modes and the geometry of the PHS, as well as showing the broadband nature of the emission [8] . We further show twodimensional far-field patterns that are in good agreement with electromagnetic simulations.
QCLs with a central frequency at 3.1 THz and a spectral bandwidth of 0.6 THz were used, employing an active region design based on longitudinal optical phonon depopulation. These designs have the highest temperature operation when placed in a MM waveguide, and allowed the QCL to be operated at liquid nitrogen temperatures. The designs also possess an inherently large gain bandwidth, ideal in illustrating the broadband nature of the PHS. The MM wafers were processed with laser ridge widths of 40 μm, 60 μm and 80 μm with cavity lengths of 2 to 3mm. The measured (left) and simulated (right) two dimensional far field patterns are shown in figure 2 with a good agreement in terms of pattern and directionality. The results show that the PHS permits higher output powers and a more directional beam. Further, the ridge width is an important factor with the large 80μm ridge coupling out a high order bi-lobe mode of the QCL while a thin 40μm ridge allows coupling of the fundamental single lobe mode only, the latter important for applications.
To illustrate the broadband spectral nature of the PHS, the spectrum of a QCL operating with a similar active region but operating around 2.7 THz with a bandwidth of ~ 600 GHz was investigated. The calculated far-fields for 2.4 THz, 2.65 THz and 2.9 THz are shown in figure 3(a) and show a similar single lobed far field. Figure 3(b) shows the measured spectrum which shows that emission extends from 2.4 THz to 3 THz, illustrating the broad spectral response of the PHS. To conclude, the far-field emission profile of terahertz quantum cascade lasers (QCLs) in metal-metal waveguides is controlled in directionality and form through planar horn-type shape structures, whilst conserving a broad spectral response. The stability and the inherent broadband nature of these structures will allow these devices to be employed for applications such as the generation of high power modelocked pulses and frequency combs.
